We investigated how the statistical learning of auditory sequences is reflected in neuromagnetic responses in implicit and explicit learning conditions. Complex tones with fundamental frequencies (F0s) in a five-tone equal temperament were generated by a formant synthesizer. The tones were subsequently ordered with the constraint that the probability of the forthcoming tone was statistically defined (80% for one tone; 5% for the other four) by the latest two successive tones (second-order Markov chains). The tone sequence consisted of 500 tones and 250 successive tones with a relative shift of F0s based on the same Markov transitional matrix. In explicit and implicit learning conditions, neuromagnetic responses to the tone sequence were recorded from fourteen right-handed participants. The temporal profiles of the N1m responses to the tones with higher and lower transitional probabilities were compared. In the explicit learning condition, the N1m responses to tones with higher transitional probability were significantly decreased compared with responses to tones with lower transitional probability in the latter half of the 500-tone sequence. Furthermore, this difference was retained even after the F0s were relatively shifted. In the implicit learning condition, N1m responses to tones with higher transitional probability were significantly decreased only for the 250 tones following the relative shift of F0s. The delayed detection of learning effects across the sound-spectral shift in the implicit condition may imply that learning may progress earlier in explicit learning conditions than in implicit learning conditions. The finding that the learning effects were retained across spectral shifts regardless of the learning modality indicates that relative pitch processing may be an essential ability for humans.
a b s t r a c t
We investigated how the statistical learning of auditory sequences is reflected in neuromagnetic responses in implicit and explicit learning conditions. Complex tones with fundamental frequencies (F0s) in a five-tone equal temperament were generated by a formant synthesizer. The tones were subsequently ordered with the constraint that the probability of the forthcoming tone was statistically defined (80% for one tone; 5% for the other four) by the latest two successive tones (second-order Markov chains). The tone sequence consisted of 500 tones and 250 successive tones with a relative shift of F0s based on the same Markov transitional matrix. In explicit and implicit learning conditions, neuromagnetic responses to the tone sequence were recorded from fourteen right-handed participants. The temporal profiles of the N1m responses to the tones with higher and lower transitional probabilities were compared. In the explicit learning condition, the N1m responses to tones with higher transitional probability were significantly decreased compared with responses to tones with lower transitional probability in the latter half of the 500-tone sequence. Furthermore, this difference was retained even after the F0s were relatively shifted. In the implicit learning condition, N1m responses to tones with higher transitional probability were significantly decreased only for the 250 tones following the relative shift of F0s. The delayed detection of learning effects across the sound-spectral shift in the implicit condition may imply that learning may progress earlier in explicit learning conditions than in implicit learning conditions. The finding that the learning effects were retained across spectral shifts regardless of the learning modality indicates that relative pitch processing may be an essential ability for humans.
& 2014 Elsevier Ltd. All rights reserved.
Introduction
In recent decades, the relationship between the learner's awareness of learning and the effect of learning has been heavily researched in cognitive science. According to previous studies, the learning system is divided into two major mechanisms: implicit learning and explicit learning. Implicit learning is generally defined as learning without the learner's being aware of having learned anything. In contrast, explicit learning is defined as learning with the learner's being aware of having learned (Ellis, 2005 (Ellis, , 2009 Reber, 1989 ).
Implicit and explicit knowledge
Implicit knowledge was first reported by researchers who had been studying implicit consciousness (Schacter, 1987) . Implicit knowledge is considered a type of knowledge that learners cannot verbalize, despite evidence of having learned as detected from the learner's behavioral responses (Ellis, 2005 (Ellis, , 2009 Schacter, 1987) . In contrast, explicit knowledge is knowledge that learners can verbalize and consciously remember (Hulstijn, 2002 (Hulstijn, , 2005 Jacoby, 1983) . Furthermore, earlier studies have suggested that explicit knowledge is declarative, while implicit knowledge is procedural (Clark and Squire, 1998; De Jong, 2005; Ellis, 2005 Ellis, , 2009 Paradis, 2004 Ullman, 2001 . According to neurophysiological studies of patients with cognitive impairment, the implicit knowledge system may be impaired in cases of aphasia and Parkinson's disease, whereas the explicit knowledge system may be damaged in cases of amnesia, Alzheimer's disease and Williams' syndrome (Clark & Squire, 1998; Paradis, 2004; Squire, Knowlton, & Musen 1993; Ullman, 2001) , thus suggesting that different regions of the brain may retain different types of knowledge. Accordingly, these findings support the dichotomy between implicit and explicit knowledge.
Implicit and explicit learning
With respect to learning, it is difficult to distinguish between implicit and explicit processes (DeKeyser, 2003; De Jong, 2005; Ellis, 2005 Ellis, , 2009 
